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“An important feature- of many flows encountered-in- practlce (such as in-
Turbomachinexy).-is..the-fact that f\° streamlines may be curved, thereby intro- ~
ducing a pressure gradient 1* the diYection perpendicular to the main flow direc-
tion, ‘The purpose of the present research-is to isolate the effects of curviture
(swirl) on the tuzbulence and hence.the transpori properties.

’me‘~e)cpex'inenta1 effort is concerned with mapping out the details of the
developing» axial and decaying tangential velocity fields using isothermal air ;

a5 the working fluid in an annulus with a. smgle diameter ratio (di/do = 0.4)
and at a single bulk Reynolds number (Reo= UDh/u-§ 130 000)’ In-this-report, .-
Thterest is centered on a critical discussion of the data reduttion techniques
for-cbtaining the radial variations of the axial and tangential momentum
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An irportant feature of many flows encowmtered in practice,

(such as in turbomachinery), is the fact that the streanlines may be

curved,. thereby introducing a pressure gradient in the- direction
perpendicular to the main flow direction, The purpose of the pre-

sent research is to isolate the effects of curvature (swirl) on the

turbulence and hence the transport properties.

The experimental effort is concerned.with mapping out the
details of the developing axial and decaying tangential velocity
fields using isothermal air as the working fluid in an anulus with
a single diameter ratio (d;/do = 0.4). and at a single bulk Reynolds
muber (Re = UDy,/v = 130,000.) In this report, interest is centered
on a critical discussion of the data reduction techriques for ob-
taining the radial variations of the axial and tangential momentum

diffusivities.
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coefficients in Eq. 22
constants in least squares fits
local axial skin-friction coefficient

2

Cey = T/ (3pu,2).

iﬁner diameter of annulus

oIter diameter of ammulus
hydraulic diameter, Dy = dy - d;
Karman constant, k = 0.4

mixing length

mass flow rate

velocity exponent (see Appendix B)
pressure

radius, radius of maximum axial velocity,
inner wall radius, outer wall radius

gas constant

Reynolds number, ReDh = O, /v

temperature
axial velocity component

axial velocity at.outer edge of axial
bow:Zary layer

average axial velocity

axial shear stress velocity, u* = vij§
law-of-the-wall variazble, uh = u/u*

radial. velocity component

tangential velocity corponent

axial coordinatey axial distance from irlet trip

distance from wall
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a Greek Symbols
,. ©y Cerit. angular posicion of cylindrical probe pressure ~

tap-relative to the flow direction, valuve of « at
which pressure tap indicates the-static pressure

turbulént diffusivity for momentim cefined in

™
oot | o )

g - : iq's. 4 and 9
- H dynamic viscosity of air
v kinematic viscosity of air
‘ ) Turbulent energy production, Egq. 3 . ]
: density E
T5T51Tp wall shear stress, shear stress at immer wall, - 3
e - shear stress at“outer wall
‘ ry inlet vane setting :}
flow angle, Fig. 9 .
Subszcripts
5 N atm atmospheric
‘ i jnside well - -
o outside wall - U
max ’ ;bsolute maximun ' =
X axial component L]
- p’] tangential component :
Ty = 0 locus of zero axial shear
T.g=0 locus of zero tangential shear ~
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"EXPERIMENTAL “TURBULENT VISCOSITIES ROR.
SWIRLING FLOW IN.A STATIONARY ANNULUS.

by C. J. Scott ané D, R. Rask - .
- INTRODUCTION

- An important feature of mamy swi;-ling flows encomtered in practice (such
as in turbomachinery) is the.existence of strongly curved streamlines that intro-

duce a pressure variation in a direction perpendiclar to the main flow. An

engineer's principal hope of widsrstanding such in obviocusly complex. flow system

is through a synthesis of some simpler modes into analytically tractable forms
of else through laboratory simuilations. The foxmex approach has only been fruitful
in idmindr swirl situations where the transporc properties arve known. The avail- .
,ability of digital computers and refined mmerical schemes have only recently
resulted in a clearer mf_lerstanding of some of the constant-property, 1amjna;~,
rotat;;lg flow systems. On the other hand, rotating turbulent flows are diffi-

" cult to treat because of the lack of accurate turbulent transport coefficients.

" For the relatively zimple case of a turbulent core vortex, the vaiues of turbu-

lent viscosity suggested~in.the literature vary ten-fold.

The e)qaerimexital effort reported here is concerned with mapping out the
details of “the developing ax1a1 and decaying tangential velocity fields’lsing
isothermal air as;che working. fluid in an annu}us with 3-single diameter ratio
(d;/d, = 0.4) and at a single bulk Reynolds number (Re = UD,/v = 130,000). In
this.report, interest is centered on a critical discussion or the data reduction
teduﬂques for ob:airing the radial variations of the axial and tax:nge:‘.,tial momen-
tum difﬁzsivities. The annular geometry was se1e~cted because the inner and outer
walls produce different effects on the swirl turbulence.

Consider a high, axial Reynolds-number, flow through an annulus. If both walls

[y
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afe Stationary,. then if .a wheel-1ike rotation ~(sol§q§@) is initiziiy imparted

‘to the flow, near the immer wall the positive i'adial""g;adient of angular momentum
is know to have a.stabilizing efféct. Near the fixed outer boundary, a destabiliz-
ing effect is encountered. The net effect of the centripetal-acceleration field

is to-exert a Stabilizing influence on the flow.which déperids on the shape of

‘the angular-momentum distribution. TLocal stsbility variations modi Sy the turbu-
lent structure mainly through the production.of turbulent energy such that the :tur-
Bﬁeﬁt transport cpéfficients are inhibited. Near the outer wall - the unstable
c;ése = the net effect of the centripetal acceleration field is to increase the tur-
bulent production and promote turbuleént transport. : ‘

The characteristics of 'swirl flows have béen investigated during the last
three decades and are still the subject of extensive research. Much of the work
was sumrarized in a synposium [1]* on ""Concentrated Vortex Motipn in Fluids," or-
ganized by the Intemational Union for Theoreticzl and Applied Mechanics and: held
at the University of Michigan, Ann Arbor, Michigan, in July, 1964 as summarized
in J. Fluid Mech., Vol. 21, No. ., 1965. Later in 1966, a baok, Vol. 7 of

- "Progress in ‘Aeronautical Sciences,” [2] Teports in more detail matters discussed

at that particular symposium and presents revised versions of summary reports pre-
sented there.

A few practical applications of swirling flows are listed below:

1) Heat transfer per wnit area as wéll as ratio of heat transfer to
friction loss is increased if rotation is superimposed.on axial flow
through tubss. !

2} In pipe flow, twisted tapes have been inserted to augment heat transfer.
Applications here include throat regions of regeneratively-cooled rocket

nozzles :(where local hot spots must be avoided) or in ‘high performance

v

* Numbers in brackets designate References at end of report.
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¢ heat e)géhazlger's.

5

A common instance of flow between ‘concentric cyhnders occurs -in yotating

~ machinery: where ‘the heéat transfer charactenst1cs of. ‘the .air gap. jre
'fmquently 4he least wnderstood: of the many heat flow paths in electrié

. ‘rotatu:g equipment.

-
5)
6)

,7)

8)

9

10)

11)

In gaseous nuclear reactor Tocket . motors, sw:r]mg Zotion achisves 2
lénger- hqld-ty “time -of the~ :§1§551or;ab1e.;gas..

In plasma:generators, a swirling motion is s‘:peri.ﬁéosed on the axial
gas flow through the nozzle in order to move thé arc attachment: point
on the anode czramierenually and, thereby, avo1d over‘neatz.,g tie anode
material.

In advanced combustion chambers, swirling moticn of the gases improves
flow ,tability and combustion efficiency while reducing the heat loss
through the walls. \ '

With increased levels of temperature, cooling must be applied to
rotating and stationary components of gas turbiz}e disks and shrouds.
From a heat transfer standpoint, this poses the question of predicting
the heat trans?fex in passages enclosed by surfaces which are partially
rotating.

Swirling flows are used to separate particles such as dust separators
in the air intakes ot helicopters 'hovering over dusty ficlds.
Ranque-Hilsch tube cooling devices are now in production-based on the
energy separation of a gas stream into a portion with higher, and
another porticn with lower, temperatures than the inlet temperature,
In certain flow regimes, the effect of swirl is to improve diffuser
performance; witile in others, the perfomance is reduced.

In a typical submarine condenser, tlie turbogenerator exhaust inlet is

located on top and at one end of the coadenser but is offset from the
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symetncal plané. The vapor-éntering.the coﬁdeﬂ.éerfhi*&z‘gh the inlet
is. analcgous to.a jet stma':ﬁiﬁﬁ tangentlall}' into an-afnulus. Once
- within the "unm}.uS‘ ‘the vapor tends ‘to move - *‘pn-a.lly ‘toward ‘the op-
posite énd- of thé cylinder. - '
12) :One might add:to this list atmospheric and: geopliysical Vt';i'tical’
"phenomena such -as dust devﬂs waterspouts, tornadoes, whirlwinds, etc.
~ Swirling. flows: have been c13551f1ed by King, Rothfus, .and K:,rmode {3] accord-
ing to the ‘boimdary -conditio it in the £ollomng fashion: '
1) Unconfined §wif’ling%§1qy's»w1i,ére the wall effécts are negligible:.

Examples are swirling free iots, rotary gas bumers, trailing vortices
from aircraft wings, and ‘swirling compressible nozzle flows.

2) Small L/Dh,s"wirling flows in s};oft, large-diameter, chanbers where side-

wall effects strongly interact with the swirl to produce- significant
secondary -flows. An example here is core-flow containment in gaseous
nuclear rockets.

3) Large L/D, swirling flows in. tubes where circumferential wall effects

interaét strongly with the swirl £low.
Revolving fluid flows, in-which the tangential velocity distribution w(r)
is described by wr = constant, -are normally classified.as vortex flows. The revolv-
ing fluid is caused to move inward toward the axis of revolution., If the fluid

friction is low,, or if the radial flux of angular momentum is high, the fluid exe-

cutes a vortex motion. These flows are nommally in contact with one or more solid

boundaries. Flows may be rotating over stationary walls or inside confining
stationary walls, The boundaries may be rotating and impart swirl to the main
body of fluid by turbulent diffusion. In the case of a grounded storm funnel,
both 'the fluidiand the surroundings are rotating.

For swirliﬁg internal flows in long stationary ducts; the axial flow (u)
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" assumes a fully -developed: velocity distribution at large dist;;;‘nce'é downstream-and
the swirl (W) dechys ‘asymptotically to zero. If wail mtatioﬂgis» presént;; 'a, fully
develdped swizl provile is prodiced. If the swirl ratio is Sufficiently Turge*,
stagnant i‘ééiori‘s‘ -and regions. of reversed flow may exist in tjxé entrance seétion.
This-phenorienon, knchai as vortex breakdown, nay dccur dn switl diffusers and
influences their performance. It hélps to Stabilize flames and.alters the Flow
from .mi:afing jéts. It hds been proposed to contain a volune of fluid within a
body «f different fluid with relatively little mixing.

B sssél"'[tt] ‘investigated lamina¥ vortex breakdown flows. *Oii;e special case
involves swirling flow. in.a cylindrical  stréam tube. These solutions are char-
acterizéd by & maximum swirl angle of 6 = 62,5°. At larger swirl angles, .a
stagnation poifit and a reverséd flow éxist along the axis of the tube. Thé-pres-
.ent experimentdl studies are confined to the subcritical case'where vortex break-
down does not occur because of the difficulty in deducing distributions of turbu-

&£

lent transport properties with reversed local axial flows.

Another interesting feature of swirling flows is related to their hydro-
dynamic stability. Since particles in revolving motion tend to conserv;.a their
angular momentwr, the stability criterion first proposed by Rayleigh [5] suggests
that flows with-positive radial angular momentum gradients-are stable while flows
with negitive gradients are unstable. Rayleigh describes the equilibrium behavior
of a fluid particle near the outer wall in a curved &mel. Upon being displaced
to a larger radius, the fluid possesses a larger angulag:r momentun than its

neighbors. The centrifugal force on the displaced particles (-pwz/r) will be

.

* The temm swirl rate (ratio) used here is subjective in nature. Cie could say
a swirl flow.is of a high rate if in the inlet regionu << W, "(“max a\md Woax
are the maximmn axial and tangential velocities). The largest swifl rate reported

here has a wlr:inx‘/umax ratio of 1.6 at the first data station (x/l')h = 1,7},
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greatér *hen the centripétal pressure gradient existing at the new location and

the'ps. (cle Will tend to be displaced to a still larger radius, Therefore, a

radial-displacenent is unstable near the-outer Wall. Near the imner wall, the
converse is ti‘u'e . Re ating flows ‘with solid tody Totation (w.= cr) are-very

Stable, "free" vortex flows (Wr = c) are neutrally stable,‘and ‘the boundary 1ayer

ok regmn ;Ln51de the channel wal‘l i$ extremely unstable.

In 1932 and: 1936 Taylor [6, 7;.-81 investigated fully- dTveloped rotating
tm‘bu]ent flow between concentric mtatmg cyllnc}ers. In Taylor's. rotatm\g cylin-
der, the Taylor vortices appeated when the outer cylmder was stationary .and the

imer cylirder was rotating.. In that case, the angular morentum distribution is

.unstable. In Gortler S exper:menss [9] with £lows over concave and convex walls,

the 3 D dlaturbances appeared only for flow over concave walls, \ -
’ In.»1995,,}7attendor£ [10] attenpted to isolate the effect of streamline

.curyature on 'turbu;Lent flow by using a- curve& channel of constant curvature and

\ .

Cross secf‘ion. He found that for fully-developed, curved, internal fibws, the
turbulent viscosity dS:a were les‘,!s than that for straight flow near the inner
{convex) wall and greater near the outer wall p.n accordance W\lth Raylelgh‘
criterion of stability. Viscosities near the outer walls«Were up to four times
corresponding inner wall values. Eskina;i and Yeh [11], and later Margolis and
Lunley. [12], demonstrated that the a‘r_;ull‘bulent 'structure ic .dependent on the shape
of the angular momentun profile, Their results with curved' channel flciws led \,
to the conclusmn., _that on the convex wall the \gradlent of angular momentum 1.>
positive and. turbulence is sp;}pressed whereas on the concave wall, the gradient .
of_ angular momentum is negative and turbulence is promoted. In 1968, ‘Bradshaw [13]
concluded that dxe effect of streamline curvature on the tdrbulence is ‘probably
more 1mportant than the &ffect of stfeamlme curvature on the mean equations. To

conclude the chain. of reasonmg is that stream}me curvature 1nf1uences the flow
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\stability, thereby modifying the local turbulence properties. sx;irli:ig flow
in an amus i ddopted here o5 the exprinental geombtry becayse it proyides
vanable streamline curvattn* and:because annular- flcws app‘ear to develop and
decay more rapidly than p1pe f;ws

Four percment survey artlcles on sw:.rlmg flow are by Westley [14],

' Resith {15], Lévin-and Fejer-[i6], and Garbill and Bundy [17]. In 1937, G. J.
7 Ranque 1 7181 appli'ed' for é vortex tube patent. In 1944, Hilsch developed a vortex

w.colmg de\r.tce whlch frequently ;bears. hlS name. In 1946-48,’ Mllton [19], and

later Reecl 120 1s pf:mtnd out the mportant phensmena occurr:mg in vortex tubes.
VIn 1948 Kass*xer dnd lamg:ms child [21} -explained the energy separation assummg
that the*potenuaz ’oortex fwr = const) initially formed at the nozzle inlet is

tzan,s:.omd into: .;ohd body rotation (w/r = const) as the flow proceeds axially

- 'towam the- outletg Ai‘smlar 'mal;rsn was ‘given by Deéissler and Perlm: 1tter [22,23]

w‘no pmposed that t,he axn.al flew was: neceSwary in the energy sephratlon process
b»cause mo“st ot "the Tevrpetafur sepamtmn Gccurs -whete the bulk Fiow changes from
ra(hal to \?mal. : 1 ' ' ’

LIn papers by Dsr;sler; and Ferlmutter 1223: and’Donaldéon and Sullivan [24],
the floy- is assumed to. b~= twé- dursensmnu Or-have di axial velocity proportional
to the axial: coordmate. Ta this -case, \}tha $haps of the tangential velomty
distribution s contreiied by the redial Reynolds number, Re and’ is. independent
of the {diéentml* velocity mggm‘cude‘ For véry lcw Rer, “the )‘.angmtlgl velocity
iz found 6 be'w = r (s6lid-body rotétim;}.\_ As Re_ increases, the velocity
profile approaches.w = g (Eree vortex flow) exéeﬁt nbar thé axis where solid
body rotaticn a:lwa)?s otcurs: Kreith and Margolis {25], Smithberg and Landis [26],
and Thorsen and Landis [27] studied the effecgs of turbulent swirling motion cn
heét transfer from tubes. Krassner and Knoéxschild. {21}, Hurthett and Eckert (28],
Deissler and Perlmﬁttex‘ {23], Ragsdale {29], K‘syes {303, Kef—reb;,;:ck and Meghreblian

B e T R 5
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[31], Reynolds [32], Kendall -[33], and Sibulkin [34], all studied forms of the
Rahque-Hilsch tube. .'

Collatz and; Gortler [35] and Talbot [36] analyzed swirling flow-in pipes
by linearizing the *angential :moméiitun Conservation equation and erploying a
constant turbulent viscosity. The sirﬁplifige& éqﬁaf‘:ibniis often refemd to the
"swirl" equation. Kreith and Sonju \[37]', Rochino and Lavan [38], and Scott [39]
all extendéd the method by varving initial conditions, using variable properties
and annular geometries. Muslof [40], measured the decay of turbulent swirfl in-a

‘stationary pipe. Persen- [41] studied swirling inlet flow in a tube using a

boundary layer approach. Rask and Scott [42] studied the decay of turbulent swirl

in an annular duct. Boemer [43] employed the time-averagéd Navier Stokes.equa-

: tions for turbulent flow for the annular geometry. In Boemner's work, the effects
of turbulent transport are incorporated through the use of two apparent turbulent
viscositiés which are computed sepa{rately for ‘use in the axial and tangential
momentum equations. Best results, as measured by aérgement with the data of

Rask and Scott [42], were obtained with a tangential viscosity ﬁodel that 1links
the viscosity to tangential velocity via the average flow méle, the wall shear

velocity, and the distance cf the zero shear location .to the wall.

From.a review of the literature, it is evident that c?nly a, limited nuber of
_ previous investigations, either experimental or amalytical, have been devoted
to vortex flows in concentric annuli. A fair mumber of investigators have studied
the flow between concentric rotating cylinders in the .absence of an axial flow,
but this is f‘elatively far removed from the present investigation.

Palanek [44] inves,tiéated swirling flow in an annular duct of diameter ratio
di/db = 0,307, ~ Palenek's study was initiated as an extension of an earlier work
by Taicott [45] on essentially the same apparatus. Talcott investigated heat

trensfer characteristics in straight floy and.also briefly in swirling flow. The

4
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YL Tates uwsed in-Palenk's stidy were so extrene that reversed flow is observed
-A:$taly. cligely related tg that reported here was-done-by Yeh [46). The
major differences wers: that 'hi§ test section.-was of larger hydraulic diameter

and diaméter ratio,. and-was relatively shorter than the present test. section in
témms of hydraulic diaméters. In an annulus, the hydraulic diameter is given.by
D, =d --d;. Thepértineat dimensions of Yeh's apparatus were d;/d = 0.5 and
T = 5 inches. Yeh reported Tbcal skin'friction coefficients at the innet and
outer walls but the i;we_stigaﬁj.dﬁ is somewhat incomplete in that only straight
flow.and one swirl rate were i;fobstigated. Acharyn and associates [47] also
analyzed the data that was obtained by Yeh. The shear stress wesults are in poor

-agreement with those réported by ‘Yeh.

Turbulent }'ransport Proﬁezfties :‘

For laminar flow along a cuived path, T, = w(2w/or - u/1). It is a custo-
mary but questionable practice to use an analogous expression for the turbulent
‘shear stress, i.e., Ty = pet(au/ ar - u/r), where €4 Tepresents an apparent tur-
bulent coefficient of kinematic viscosity or the 'exchange coefficient" of the
mixing process. Using this approach T, = 0 when (au/ar“- u/r) = 0. Kline [13)
‘has pointed: out that if an emerimentai shear stress is divided by an experi-
mentally determined gradient of velocity, thé ratio can go to plus or minus
infinity. "I'his leads to difficulties in~p10tti‘11g experimentally determined
transport coefficients. For rectilinear flows, Prandtl's mixing length and
Taylor's vorticity length hypotheses give T, = 22|3u/3y|3u/sy. Again the shear
stréss depends on the vzlocity gradient. 22 is the square of the™mixing length
and a function of the space pusition. Von Karman tried to relate turbulent trans-
port properties to local conditions. His éimilarity of turbulent motion concept

yields t, = const (3u/ay)"/ (3%u/3y2)2 for rectilinear flows. This is also a
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Pranitl {48] applied Rayleigh's instability reasoning to developed curved
tirbulent flows, .assuming -the local: angular momeitun -(ur): constant during dis-

‘placeient: of fluid:particles perpeiidicular to ean-stréanlifies and 1éads to

JTa 23 (ru) for

Tr-= piv—s-—l?a‘;r = pky(%%-k %) : @

J

whére (3u/31 + w/r) represents the vorticity at the.point, v the normal velocity
. and'% the. mixing length, This formula is identical to. Prandtl's formia for shear

stress in-parallel motion-except the velocity siope is replaced.by (3u/or + w/r).

Fquation (1) leads to.a vanishing turbulent shear stress for irrotational meas:

flows--a ‘behavior contrary to -the experimental observations of Taylor, Wattendorf,

and Rask and: Scott.
Kinney [49], in.dealing with plane rotating turbulent flows, in the absence

of an axial compunent, applied an extension of von Karman's s;i‘i'ni'laxjity’hypothesis.

A family of similar velqci‘cy profiles was generated which includes both t};e rota-

tional solid body case and the irrotational free vortex case. A universal constant

appearing in the equations was.evaluated'using-G. I. Taylor's rotating cylinder
velocity and wall shear stress measurcments. Kinney relates the local angular
velocify of the fluctuating flow. to the local angular velocity of the mean flow
with the relation |W'/r| = 2 3(W/r)/or, and concludes that in plane-curved tur-
bulent flows which possess universal similarity, the angular velocity is a
trancfcrable ‘quantity, just as linear momentum is a transferable quantity in
rectilinear flows.

Rochino and Lavan [38] -added the axial dimension to the problem in investi-

gatifig turbulent swirling flow in stationary ducts by using both. Taylor's modified

vorticity theory and von Karmen's similarity hypothesis [50]. Three possible
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It is'not yet established which- felation is valid: Thé.normal procedure seems to

adopt .an dnalogy to thé lamingr-equition VW' = oé, (W/3r - w/r) vhere the-eddy

-diffisivity for momentun is related to the mixing igngﬂ{r: by €t = const 22

(8w/3t - w/r), The ¥adial dependence of the mixing length is then the focal point
of ‘the.controversy. In the'.core flow away ifrom any wall influence, 2 =kr,

i.e., the mixing length increases at a raté proportional to: the distance from the
axis of ;sy‘xm;';et‘i:y. I;Jear the ‘walls, the mlxzng iength increases at a rate“propor-
tional to the,dj,“stahée \fro;n the wall according to Prandtl. Since the amular
geometry has-’cwc; walls with opposite wall behaviors, it provides a versatile test
geometry to study the anomalous shear stress assumptions.

Both swirl and an annular geometry generaté asymmétric mean axial velocity
diﬁtributib‘hs such that the locus of zero axial shear and the point of zero
velocity gradient do not coincide. The computed & values a1:e negative in a smal}
range of radial distances, Both Wattendorf [10] and Eskinazi and Yeh [11] showed
that in a fully-developed curved ckannél having .an. unsymmetrical profile, the
location of the zero turbulent 'stress _(-piz—'\r"'), did not occur at the.point where
the velocity, derivative (3u/dr) was zero nor where the viscous shear was zero
[u(3w/or - u/r) = 0].

The difficulties of having opposite signs for the shear stress and the
velocity gradient are discussed at great length in [13]. Altemate proposals
are given. Of the three shear expressions: t = pey 2u/3y, T = pep? q 2 au/dy,

T = pesq?, (q:2 = ﬁFxD, the thixd model proposed by Townsend, Bradshaw, and.
McDonald [13] is the only non-gradient model., This model requires that if a tur-

bulent kinetic energy exists, .a shear stress exists. Therefore, the production
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of turbulent kinetiC enérgy assines. dncreased importance, In.cylindrieal 3
X, T, 8, U, V, W, coordinates, thé production-of total wurbulént energy-is [50].
written for fully-developed;. isotropic, :swirling Slow as
=-A',a. ,’i'i?ﬂj, N L.
L p[v. w-'«rﬁ_-h‘. u'v! ar] 3
The production is positiv over the entire duct. _£w =.0, or with solid |
body rotation w = cr, the nommas. xtal flow production résults. For a free vortex 1
W = ¢/r, the tem-3(w/v)/ar is né, tive and tlie possibility of subtraction occurs S
dependﬁg on the ‘correlation v, Therefore, swirling flows also have the dif- -
ficulties of negative "apparent" tangential turbulent viscosities' defined-as S
VTR . ]
e‘t-: - .a_v!. - !!. (4) bt ') B
?I: J‘ t

It is informative to examine the equgtion§ uséd -to deduce the turbulent shear

stress and eddy diffusivities when deveioping profiles occur,

‘The- Governing Equations

‘Consider a cylindrical ¢oordinate systém with x, +, and §-as the axial,
rddial; and azimuthal coordinatés. Let ‘u, V, and'w be ithe time -mean velocities
in thé x, r; and 6 directions and u', v*, and %' be the. corresponding turbulent
fluctuation veélocities. ‘Writing the continuity and Navier-Stokes equations in
ﬁﬁs notation; takxing mean values with respect to time, requiring the mean motion
to be steady, the mean density to be constant, density fluctuations to be negli-
gible, and symmétiy with respect to 6, results in the following governing
equations [52]:

Conservation-of- mass

)+ & () = 0 ' ®




A

Sl by et

RS s el

fateiit bl

Pl Sh N

:Conservaticn-of ‘axial momentus

au, su_ _1dp TS R - :
- = -kt gy - S ¢ =8 (T i) - :
l?‘x'- V'a-f -p X Vv “!’ [';ax“ T ar (I?XV g0 i R N '(6)
- Conssrvation of radial momentiin g
'Iav-l-vﬂr-'-,'ﬁ = -l'_ap.'l-\) V2V"V -2—({11?) +§._3 = - W
x*VerTr T st [V E T E @O
Conservation of angular. .momentim
aw w.ow _ o w1 N L9 Vit
B B e B @ 3 e R ®
2 2 :
2 _ 39 3 13,
where.  V=oo taptraw

The resulting.set.of:turbulent Navier-Stokes equations is non-linear and'
indetetminate dve to thé:turbulent shear temms at the extreme right in equations
6 - 8. ‘Si.nce there .are more ‘dependent variables than governing equations, no
general method of solution.exists. We shall now form integrsls of the equations
of motion in the following mamner.

' (a) Equation 6 is multiplied by r and integrated across the flow

from ¢ = r; at the ihner wall to r = v, The result is

- L9 3 2 3 —
TT = T30 puaxjrudr+ paxjrudr+ —erdr+—-Jru dr
i T,
T3 *i i
%)
= a_u-- = + .a_u.
where Ty = Vop putvt = p(v erx)ar

is the axial shear stress. The term ud?u/3x% was omitted in equation 9 in
accordance with an order of magnitude .analysis using the data taken in this
study which revealed that excépt for regions close to the walls (closer than

the closest .experimental point), the turbulent viscous terms in the equations of

motion are on the order of 50 times the molecular temms. Coupling this fact

T
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with the-nomal assumption that in tiie- sidewall boundary dayers. (3/dx << 3/3r),
v2 £ 32/ar* + 1/r-3for applies accirfately for molecular quantities. Equation 9
is made-non-divensional by dividing by 1/2 pi® ¥ (U is the averagé axial velocity)

The five temms-on the right-hand side of -equation (9') rTepresent

3

T r
sL 2 Vipgre L 3| qrrg,
. FovPr ox Jpulr ax

1) The axial shear on the inner wall of the aimulus
2) 'M;an velocity changes

3), Kinetic energy changes

4) Pressure changes

'5) Turbulence intensity changes

@n

Integrating across the entire amnulus yields the following relevant integral

relationship
T
d 0 - v
1'oTr;co ) riTnci = & [ (P +u® + u'?) xdr '(19)
T.
i

vhere the left side corresponds to the total shear force per unit length (t . <0)

i
and the right side represents the change in axial flux of linezr momentum. The
turbulence level and the radial pressure variations are important here because

of the tangential velocity.
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"7 _(b): Bquatioti. 8-is multiplied by r* and integrated from-the. inner wall
outward: (2zain:n2glecting ua%w/3x?) -
_ nr
+ psai wir?dr - pert J urdr

3 - -
T, =TS
T T T e, ax
s

T

T 835
r
+ p%J u'wirdr
1
The four terms on the right-hand side of equaticn-1i represent
1) The:torque per wit Iength on the inner wall of the ammulus
2) Change in axial flux of angular momentum between inner wall and
radial’ location r :
3). Effects of axial acceleration on the axial flux of angular momentum

4) The turbulehce shear stress Tox = utw'
Integration over the entire amnular gap yields
alf®
T 2T . - riz-r . = Px J: (w + u'wHr2dr 12)
i 1 e }

The left-hand side is the total torque per unit length while the right-
liand side is the change in the axial flux of angular momentum. Equation 11 is

made non-dimensional:.by. division by 1/2 pu’r?

Trg r.? Trg 1 a [F w3 r
..___r_____}_..__1_+ — — wwr3dr - ——- — | urdr

1 AG2 Lo 1 1

3 pu ° ZpU u’r® 3x T > u‘r 9x T a
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Me equations do not -assume that theduectim of’tixg ‘shear:stress is the
same as the Tesultant velocity or resultant \wlogiq'*gmdié}t.

' The radial nosentim equation integrates directly-to

-

%_[P(r) -pa] = -7

e
¥

J-

x
e

k4 ri

, Q)

According to'Hinze [S1], the tem d3(@'V7}/dx is of smaller order of
magnitude than the other turbulence teims.

Finally,. the integral expression. for mass conservation results from

direct integration of its differential form {equation 5).

T
. rv=-‘alijmﬂr

1

[ vy
T i B
i a3
rrv B A
{uv + Uy - v%]gr
2
14

No turbulence measurements were made duiring the-present ifivestigaticrn.

Equations 9' and 11'were used (neglecting the fifth ﬁegmm equation 9' and

the fourth term of equation 11') to obtain radial profiies of dxial and tangential

shear. Axial wall shear values were obtained using a Préstsn tibe or a Cijuser

chart. Tangential wall shear values were-obtained using the £low angle at tiié

wall, i.e., Trp = Trx tan ¢.

PO
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B«ly dlffusnuty mdéls have provm to be-a useful »ool--paruaxlarlyr

" adapting laminar floy: solutmn techmque. “to pemit calaﬂatlons in conplex

t,n‘bulent flows. Since all: &fﬁs1nty mdels ultuptely nepend on enplncal

_methods; their valw mist be tested -by conpansm.mth rehable e:g_)em.ents.

Tt is the:intention: of the present- paper to describe- s,ntable,experwnts
camedout ét‘ﬂge’f{e‘at Transfér Laboratory of ‘the \L‘ﬁivers‘i”ty' of Minnesota.

The present ‘expef‘imental program'was carried-out.in an open circuit wind
tumel desigied £or-swirl flows. A.detailed description of the facility is given
by-Rask and Scott in [42]. A schematic drawing is- shown as Fig. 1, Pertinent
pliotographs of the experimental equipment are presented in Figs. 2-5. Tnitially
yoom air enters: the inlet radially where airfoil-shaped guide ﬁnes impart a
swirling mot_izm to the flow prior to entry into the amular test section. Upon
emergence from the test section, the mean velocity head is recovered 'in a conical
diffuser. The swirl is then removed from the flow in.a cylindrical duct filled
with straightening tubes. The flow is then monitored at an orifice, controlled
by means of a low resistance by-pass and finelly flows into the inlet of a blower
which exhaust; to the atmosphere outside ¢f the laboratory.

The inlet section receives the initial radial inflow, imparts a swirling
xjﬁtion to it and finally converts the flow into the axial direction. The inflow
enters between two converging, saucer-shaped, guide plates, each 48 incly;s in dia-
meter with a radius of curvature of 42 inches. Twelve airfoil-shaped inlet guide
vanes are evenly spaced on an 18-inch' circumference. The guide vanes are col-
lectively rotated, thereby pfoducing variable swirl wtlocities. The vane angle
setting, ¢, corresponding to a straight axial flow is designated as zero degrees.
Increasing the vane angle of attack increases tue downwash velocities behind a
blade and increases the resulting tangential velocities. The airstream acquires

angular momentun in passing through the cascade of vanes at thé inlet of the

e
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‘tumel, - If 10" mtandmg forces dre-present; the nment of mmentun is' constant
;a8 Atié f.{ow spirals mward and a free vortex type - of flow. is- generated ‘The

actual situation is conphcated bv“the drag -0f the-vanes; the presence -of ‘wakes
‘ ‘~be‘mzd the. “vanes, .the s1dewall plate d.rag, and- the drag along .the inrer- wall
'-,oftne annulus w1th1n the inlet, . T e

~As the ﬂowencomters‘ ﬂxe--QO«ciegxée*be’nd\ which. ~otiverts the [principal motion

':Lnto an axLal motion, it em:ov.mterc three, rmg-shaned bowdary: layer trips

(F1gu:ne 1c). \The ‘trips sefve ~to fix the pomt of" .:*a.nsztmn from lamifar jto

i turbulent ﬂow at the ‘entrance tg ‘the axmulus, -and* th°reby achibve a stéagdier

gross ﬂow. Olson :md Sparrow’ [fZ] and Oknshl and‘“Seife"i?y {537 found that in.
'smooth, romded-entrance axmull, the: locus of trans%tlon is. asymetnc and msteady.
«Thé 1rregulan 3 al dr:.ﬁ}t_ of the trq.xlgxtl,on point cnuses‘ie_:n insteadiness of .the
flow which was easily measurable-when the trips are r:qn'b\red;,: ’
The test Section is a:concentric, constant-area, amivlar ducts "ﬁi@»outer
tub'e- is of clear plexiglass with-a ‘S.O-inc‘h 1.D: ‘and 1/4-inch wiil thickness.
A stainless steel jrinet tube, 2.00-inch-0.D. and 1/1)5-inch wall l1;h:‘u:k“ne’ss is

used. The immer tube can be translated axially or removed completely. The

\ ,
" overall length f the test section is 118 inches or 39.3 hydraulic diameters.
i

The inner stétlinless steel tube is instrumented along.a single ray with 2%
static presé‘ui'e t@s'. Varia;ble flow spix:aliné prevpnt§ repeat‘ed roug}méss }
effects. . Six probe wells,, Figure 10\ ‘are located in the inner tube m order to
accept th ~yhndr1ca1 pressure survey probe. The probe wells are 1nsta11ed 90
degrees from the stat1c~\pre§suxe taps and -at longiﬁludinal lo’fations midw'ay between
‘two pressure taps. o : . §

"The . conlcal diffuser commences with the 5 ‘mch diameter plexiglass tube and
increases to ‘an 18.4-inch circular cross section. The walls fomm a tota.l\
included angle of 7 degrees. Straightening. tubes made\l fmn mailing tube'1-inch

in diameter and.18 inches long fill the diffuser cross section upstream of the
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métering-Orifice. Their priary fuiiction is to; remove the swirl Such that the
total-channel flow:can be acCurately measured. The Grifice was calibrated by:
mumerically iritegrating the axial velocity profiles. Thecalibrationwas foind

to.be independént. of the. magnitude of the swirl--démonstrating the efféctiveiiess

«of thé: diffuser-straightening-tube-bank conbination. The.mass flow rate is

Controiled by means of a low-resistance by-pass, A section of the tunnel, loca-
ted:-between.the orifice and. the blower, has -bleed holes in it which- can-be

exposed by means of a rotatable sleeve. By .opening the-bleed holes,, room-air

. can. bé indicéd into the system.downstream.of the. orifice--thereby reducing the

Taté-of mass<flow. through the test section.

~ Thée blower used to draw air thvough the tunnel is powered:by. a 3.h.p.

dotor equipped-with. an -adjustable v-belt drive. The blower is isolated:from

its éngle-irqn,mmiii,ng fraié by four.coil springs and isolated from.the.

.annular channel by means of flexible canvas sections.

“The cylindrical pressure-probe and the hot £ilm probe used to sense the
local velocities are each held in identical brass blocks which:,qax},'hé,siispl.a::egl
vertically along a dovetail track by a.micrometer which is, in tum, secured to
the base séction ci.a surveyor's theodolite. Either-probe-can be rotated a fuil
360 -degrees and ‘the rotation angle detemmined to within five minutes. The
micrometer has a 2-inch travel and is graduated in 0.001-inch increments.
Conparisons between Pitot cylinder probe and-hot film probe performance are made
in-Appendix A.

—

Measuremént of the ‘Mean Values of the: Local Static and Total Pressures. The

radial velocity distribution v may be calculated fm}rl the. continuity equation S.
This relation, written for rotationally symmetric flow with steady mean values,
holdS*without; deviating more than a few percent from-the complete turbulent
equation of continuity: Integrafirig equation 5.yields

T
= - }[ g—)—((ur)dr (15)
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| The radial velocity is. identically zefd at both the imier.and the vuter walls.
Only"xiearﬂt}ie‘ entrance-are -axial variations of the axial wloqify of signifi-
‘cance. The average axial velocity remains constant. Therefore, the radial com-
p@;qht of the. velocity is,everywi'xere 'small and the.direction of the flow ca:;%‘be
-described by a single angle ¢ between the total velocity and the axial direction.
In surveying the pressure fields in internal flows with superimposed secondary
flows, most investigators have observed that the flow is sensitive to distur-
bances resulting from the presence of a conventional Pitot probe.+ These dis-
‘turbances. are minimized when-a Pitot cylinder is used which is oriented along a
radivs and is of sufficient length to span the cross section, The principal
design and construction problem of this type of prebe is in establishing a known
angle between. the. static holes. The present Pitot cylinder (Fig. 6) was made
from 0.083-inch 0.D., 0.063-inch I.D. hypodermic tubing. In order to use the
probe as a flow-direction sensor, two pressure taps, 0.020-inch in diameter, were
located 90° apart on the circumference. By locating the pressure taps 45° on
either side of the stagnation point (Fig. 7), maximum sensitivity to the flow di-
rection was obtained. Thom [54] demonstrated that the wall jpressure sensed in a
hole drilled in a cylinder is pot the pressure at the -center of the hole, rather
it is the pressure existing. at a point halfwey aleng the hole radius upstream of
its' center. Therefore, the correct angle between the centers of the two holes
+ 180 d/9D.where i

15 2 00 = 20 crit i
on the cylinder where the pressure is just equal to the approach flow static

t is the angular location of the point

pressure .and’d and D are the diameters of the hole (0.020-inch) and of the cyl-

inder (0.083-inch), respsctively.

*Static pressure obtained using the static pressure holes of a Fitot tube are
usually too low due to the turbulence velocities normal to the tube.

hta
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‘ R -0.028-in, 0,D.,. 0,0155-in. I,D,
£ ‘3: G- } Hypodermic tubing
. Sy - -Solder
4 = ’:
.- Sleéveto £it ii traversing mechénism
MW——e .. 0;032-in. 0.D,, 0.0195-’n. I.D.
- Hypodermic tu'bini;
N .. 0.083-in, 0.D., 0.063-in. I.D.
h Hypodermic tubing
¥, e
8-in,.
' _ 0.020-in., Pressure taps
’ Flow™
—5 10 > ‘8\ 90°

1.7-in. \_ASi;Lver soldered joints
_\L__‘L_ -

Figure 6. Schematic of Cylindrical Pressure Probe

F1°" ( Préssure tapv.

Figure 7. Probe Cross Section Showing Pressure Taps ond
the Angle «
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' The potentidl flow-solution for the flow past a circular-cylindef ifcross

flow. is -givenzbyiu = 20, sin a. Apply Bemoulli's. theorem, the pressure: is
~given by p = po+ p(U2 ~u%)/2: The-pressure-p-will équal the undisturbed

Static pressure when.q = 30°. Thus;. the simplified -approach:of potential thsory
gives Serit =.30°,, From.calibrations in steady flow, Glaser .[55] found that

dcﬁt'=‘,34.89. Thom [54] measured-a_ .. = 34.2° at Rep = 8.5 x:10% aid 34.3°

at'Rep = 1.7 x 10%, Using Glaser's' result in Thom's equation yields g =

34.8 + (90){0.020)%(.083) = 41.7° for the present probe:gedretry.
The slope of the potential flow pressure distribution (p, - p)/pu?/, is

0.05-per degree neéar a.pressure ‘coefficient of zero. Therefore, ‘it is.necessary

to determine 2 to within 0.4 degrees in order to prevent a.systemati¢ error of

one.percent in 1/2 pu?, Since the slope-of the static pressiwe is nearly linear
Tnear arit
angle):'can be obtained by taking the average pressure of the 'two holes. In

, a good first approximation to the local static pressure (or -flow

reality an elaborate calibration was required..

The pressuve diStribution along the forward surface of a long Pitot cylinder
varies only slightly when the axis of the cylinder is no longer set perpendicular
to the flow. This result was anticipated by CGlaser from potential flow theory--
that the form of the pressure distribution about an infinite cylirder is indepen-
dent of the angle between the free flow and the axis of the cylinder. Therefore,
the flow can be broken up into components along and normal to the cylinder, the
former having little effect on the pressure distributicn since the velocity
potential hz;s the property of being additive for superimposed flows. In the
present experimental situation, the probe is always aligned normal to the local
total velocity while the crossflow arises because of the swirl.

Lavan [16] used a«__. = 40° and calibrated Pre f(a)/Psta g, 352 function of

ref
Mach number. A strong Mach number dependence on the pressure distribution was
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observed. ‘Bruii-[56] -also.calibrated a-short Pitot Cylinder-in-a £reé jet
(to-mininize vall &ffects). Therobserved o, (approxifately 45°) was constait
for velocities lm&t: 100 m/sec. Above 100-m/sec, 'atéf-:has incréased by about
22,  Fihally, Hinze [51] cautions that the dimmeter ofthe cylinder miist be
=’s;r'x§11~‘,5f."a§ least not iuuch larger than -the microscale of. the aniuent ‘turbulence.

In order to. neasure -the ﬁgw angles directly, the probe wds. first aligned
such that dn pure axial fldw.a ﬂow.eméle reading of ¢ = 0° is-obtained. Values
of o, were obtained by rotating -i'he,pnessure probe wntil .the indicated-static
preé’sﬁre agreed-with that measured using a static wall tap located in the  immer
‘tube at “the same‘aXidb.(x/Dh) location. ‘Sample calibrations performed in
straight flow at three values of x/D, .are given in Fig. 8. o Variations of
+-1/2°-are-observed at a fixed radial location. In actual .praﬁtic"é, each. Ly
profile was plotted on a larger scale and-a smooth curve drawn through the data.
L profiles at intermediate values of x/I)h were ‘obtained from interpolation
.of the calibration profiles.

Laufer [57] has suggested that in the vicinity of the wall, velocity correc-
Jon should be-made- because of the large local turbuient intensities. If Uis
the total velocity, he -suggests using

-— 1
U =U 1 - EEHVE s W

corr neas U<

For nommal turbulence intensities, the: correction is-of the order of five
percent or less. Ccrrections were not made to the present data because turbu-

Jence intensities were not measured.

EXPERIMENTAL PROCEDURE

One of the primary objectives of this study was to obtain velocity profiles
at various axial stations (Dh ~.cations) using different swirl rates (inlet vane

settings). Velocity surveys were obtained at stations 3, 7, 11, 15, 19, 24, and
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zé-r(x/nh_valips of 1.7, 4.2, 7.0, 10.3, 14.8, 22:2, and 32.7) for nominal inle¢

. vané settings of 0°, 10°, 30° 45%, and 60°. The.bulk of the data involvéd-

Iocal measurements of the flow angle, de,tbt&l préssure, the. static pres§ui-e;
aiid the stitic tenperature-of the flow. All.of these quantities are-necded to
obtain the local velocity components at.a-single point. The first readings
were always taken at a radial distance of 0.010-inch from the >ime'r’tubé wall. -
In all, readings were taken at thirty different radial locations whlch spanned
the amular gap. At any given r-iocation, the flow angle was détermined. first
by ‘using  the manometer setup as z U-tube manometer and rotating the:probe until
“‘a\null‘ readintgwas obtained. The flow angle was read, to.the nearest five

minutes, -directly from the scale on the base of the traversing mechanism. Orice

the flow angle had been determined, the probe could be turned to the proper
angles for measﬁring the total and static pressure. All velocity measurements
- were mede at sufficiently low velocities (less than 200 ft/sec) that

_ compressibility effects could be meglected.

- The axial and tangential velocity components were calculated from the total

velocity vector using the relations

u=Vcos ¢ @
and w=Vsin ¢ 18)
w_here ¢ = flow angle

u = axial velocity

w = tangential velocity

A sketch showing the relative position of the ‘total velocity vector and

the flow angle ¢ is shown in Fig. 9.
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3 J ‘Sketch Showing Flow Angle ¢ 3
g The mass flow rate-was determined by numerically integrating the axial ]
1 I velocity profiles. Recall that with swirl, the orifice was never calibrated
’ > directly to obtain the mass flow rate. The mass flow rate is given by the
g B following integral r -
e ‘ ‘ i = sz purdr a9
] E
:é > The numerical integration was carried out in the following manner. A least
[ - squares, second-degree, polynqpxial was fit thirough the first four data points,
{'5 with the first point now being taken as the zero velocity point at thé inner
E Ry wall. The least squares fit was of the form ur = C; + C,r + C3r?, This
% a polyncmial was then integrated between the wall and the third data point, this
1} giving the mass flow rate fhrbtigh that interval as
Lf _ my = 2Mp{Cy[r(3) - r] + C2/2[r(3)? - 1:2] + Co/3[x(3)° - 1,°]} (20)
- The local density uséd was the average of the densities at the peints over
E T which the integration was performed. Away from the inner wall, a.set of five
¢; ] points was used for the least squares fit and the integration was carried out
Lé 5 between the second and third point of the five-point set. The first point of
E, = gach set was the same as the second point of the previous set.. At the outer |

¥ wall, the fit was again through four points and the integration was carried out ‘

~ over two intevals,
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“The rachal velocity gradients were also“calculated-at égqh:pbii;t. Essen-
tially, ‘the sime technique-was used to differentiate the velocity profiles as

was ised 19 iritorate them. Istead of integrating a fitted least squarés poly-

nomial, a differéntiation was required. For eXample, the. least squares.pely-
nomial fitted to-the axial data.was of the formu=(;, +C; * y+ C3  ¥?,

-where y isvequal to the radial M@E’mmd from imey wall (r - ri).

The velocity gradient was evaluated at the ceénter point of each five-point

. ﬁt At-edch wall,” a»;fo@-p;')j_nt fit was used and the gradient was evaluated

at the wall and the Tiext “two- points:

DISCUSSION OF RESULTS

Axial VelocityProfiles. The extreme axial vélocity profiles, presented in
Figs. 10 and 11, were plotted-at the 1mt1a1 and final axial location with
inlet vane- an_glé as the parameter. A somewhat wunexpected profile exists at
station 3 (Fig. 10). For zero swirl, the axial velocity profiles have a nearly
fully-developed characteristic shape although located quite close to the
entrance (x/l;)h = 1.7) where centrally flat profiles:-were expected, It appears
that the friction drag of the entrancé plates, coupled with the profile drag
of the turbulence trips, has strongly retarded the flow near both walls, there-
by producing the more rounded velocity profiles characteristic of fully dev-
eloped turbulent anmilar flows. Furthér downstream, the calculated average
axial velocities-of the $ = 0° - 45° data are constant to within +3 percent,
while the ¢ = 60° profiles seem to have changed-considerably in comparison with
‘the other profiles;.

The axial flow field is most sensitive to inlet vane angle ¢ greater than 45°,
For &= 60° in the inlet region, the flow is approaching a reversed- flow condi-
tion, (axial velocity near the inner wall moving in the negative x-direction),

which explains the skewed nature of the 60° profile. Since the irner flow is

b off o W
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‘ rétarded ~the outer flow,must be accelerated to a larger than norml veloc1ty

_'to caifpensate. F]ow, reversal dld :occur at.an- injet vane- settmgcof approxlmately

4) 65° 'agreenentim.ﬂl the galculations of Bossel [4 The ¢»— 60° proflles

‘ifdpvélvblaedf.m a ,regular-.manner, becommgv flatter ‘andrfuller.ras oné moves: down-

stream. Thls data: exh1b1ted mrc ‘nsteadiness and largér than. nonml scatter

. resulted

'

" For ,,tralght flow, themaximum- anal 'velocity at station-3. 1is 1ocated at.a
T )/ (r - ri) of .about 0.46. Dwnstregm of

-station. 3.the velocity maximum«first moves closer td;‘the ‘ifner wall and then out-

dipemmn}ess rad;al position ‘(r

ward' to:za filiél;«yalge of 0.45 at 'station 28, For $ = 10°, the maximm location-

bégins at 0:37 at station 3, moves inward-and thén outward wntil at station 28

it occurs at Ar,/Ar € 0,50, The same trends are Toted for .= 30° and .= 45°.

*‘rfx‘g‘;t\_valuéé reported are \dﬁiy\approximate since they were:obtained by visual -

inspection ofthe graphs, while the ‘j.rre'gularitiés'- in. the ‘lqcation.qf*tﬁ'e

“maximum velocity are clearly ocbserved. For ¢ = 60°, thé maximum velocity occurs

much closer to the outer wall, At station 3, the maxlmum occurs at a dimension-
le¢ss radius of approximately 0.8 and does not vary fmm t}us location-as the flow

proceeds dogmstre‘ém.

Tangential Velocity Profiles. The tangential velocity profiles ‘obtained.

using the pressure probe are plotted for each inlet vane setting with the station,
i.é., dimensionless axial locatien, x/bh, as the parameter. The axial decay :Gf
tiie tangential velocity component can-be readily observed by plotting the profiles
dn ';this manner. The profiles will be discussed ‘starting with those for ¢ = 10°,
Fig. 12.

One obvicus characteristic of the profiles is the existence of two relative

maxirum points for over half of the profiles at § = 10°. The swirl is also

relatively weak with the absolute maximum tangential velocity at station 3 being
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Pressure Probe, § = 45°

Tangential Velocity Profiles.

Figure 14.
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ouly 15% of the»-co;;responding.madimm axial velocity. The absolute m:ucmun

_.of éach: profils octip$ .close to the outer wail, i.e., at-a-dirensionless radial
. Positioniof 0:%. The smaller relative maximm.points, when they ocaur, are’
_ hear o the fiimer:wé_;l (eround-0.3): Further downstream, the existence of the

. two félatiyema‘}dm;yn_ points becomes less :;pparént, wntil at station 24 only

xéﬁe fiiximm point is found. -

o The- flow adjacent .¢o the “ihnei' bouridar} 1aiye1:‘i's smlu to-a solid body

_ rotation (forced vortex type) as is-evidént at stations 24 and 28. Closér to
the 'i.niet the forced vortex Ficw gradually reverts to a free vortex form which
€xtends 6|jtward'\£6wa;d the outer wall. Adjacent to the-outer wall the flow
mverts back to the forced vortex fomi, and produces the double maximum.

At § = 30°% -the maximum tangential velocity at station 3 is.nominally 50%
of thie maximum-axial velocity, The exXistence of two relative maximum points is
noted only at stgtioﬁs 3, 7, 11, and 15. At station 3 the absolute.maximum
point is- at a Arm/L\ro of 0.13. The maximum points at stations 7, 11, and 15
are agaJ:n close to the outer wall. One now observes that at station 3 the
majority oF the flow is of a free vortex type. At ¢ = 30° the vortex generator
is pperating as planned. It is of interest to note the rapid change from
essentially a free vortex type in the outer 2/3 of the annulus at station 15,
to a.completely forced vortex type at station 19. The forced vortex pattern
is even more evident at stations 24 and 28.

At 76 = 45°, Fig 14, the maximum tangential velocity is now more than twice
that observed at ¢ = 30°. The maximum tangential velocity at station 3 ist 103%
of the corresponiding maximum axial velocity. The profile at station 3 is the
only one that exhibits two relative maximum points. All of the maximum points
occur within the inner half of the annulus except at station 28 where the

maximum occurs .at a dimensionless position of about 0.62, All of tlic profiies
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) exhibit afreevortextype .of flow over a;major portion of the ampilar flow

region:and-the’ fieé, vortex nature is still preséived at Staticn 28. Thé free
vortex prodixced by the inlét guide varies: is-becoming Strouger, i.e., a larger
total anguldr momeritum is' initially prodiced and is making it$ preseice félt
over the entite length.of the test section, The forcéd vortex type of flow is
still:evident cldse to the mner wall and it-moves out uitil at station.28 the

£15 i1 thié inner half of the amilus has a forced vortex character.

- At § = 60°, Fig.'15, the iximn tangential velocity at Statidn 3 is now
approxinately 160% of the cofrespohding maximm axial velocity. No double-
maximm profiles occur. ALL of the pirofiles now exhibit a maximm peint at a
dinensionless;positicn :within 108) of 0.5, with the maximm at station 2§
being closer to the immer wall than the..aximm at station 3. The annular flow
segicn is thus approximately divided in half with the imer half exhibiting
’foﬁ:e&»vti‘rtgk flow and the outér-half exhibiting free vortex flow.

T Summarize, the tangential velocity curves for each inlet vane setting

reveal the following regions:

1) Inner wall boundary.layer produced by the.no-slip boundaty condition at
" thé imher, inpe:meable vall, i.e., at T =T;, u=v =i = 0, dw/df > 0.

2) Forced vortex zone. The region. above the slight discontinuity in shape

of the swirl velocity profile, The tangential velocity increases with
inc¢reasing radius according to the approximate relation.w-= const o,
0 <m< 1and the constant is a function of axial position-x.

3) Transition zone. The regicn brackets the locetion of maximum tangential

- velocity.

4) Free vortéx zone. The tangential velocity is described by approximate

relation w = const 1, -1 < m < 0.

5) Outer wall boundary layer occurs in the regicn adjacent to the outer wall.

The swirl velocity gradient is negative and at r = Tpp WS VEWS 0.




4

The static pressure distributions along the imer vall.are presented in
Fig. 16. Since fmns:,hencpmssme (Pam) exists at the inlet, all of “the
n;gasu;e,dp:essmé’s are subatmosphieric.. 'Ihengssms differences.at . x/D = 0
represent the entrance preéssure loéses and are -due primarily to vortex gener-

ator friction: The flow cross sections within the vortex-generator become

quite small at ¢ =-60°, Theairfoil Sections nearly-overlap. The average

velocity within the vortex generator increases shaiply.

The-slope of the profiles is' given by-

0, Thax @

«

The normal behavior of a-decreasing static pressure with axial distance
is observed for § = 0°, 10°, and 30°. An extensive region of nearly uniform
pressuié is observed in the region 6 < x/D, < 22 for ¢ = 45°. The intemal
wall pressure-gradient is positive ovcr the entire test ieng_gh for ¢ = 60°, There-
fore, the normal physical feeling that there can be:no extensive regions of ‘flow

against .a pressure .gradient is clearly not true in rotating flow systems.

‘Further Data Reduction and Tests. More extensive discussion.of the

$ = .4Sf data will be presented here because ‘this data represents the results of
an intermediate swirl., The axial velocity, flow angle, tangential velocity,
and angular momentunm:profiles are given in Figs. 17, 18, 19, and 20, respec-

tively.

Local Skin-Friction Coefficient. Local axial skin-friction coefficients

were computed for both inner and outer walls. The wniversal velocity-distribution

equation for turbulent boundary layer flow has the form

wsAclog ¥ +B (22)
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R THEES u/u
+ - *
y =y-u/v

@23)
'(24)

The values of the 1aw of the wall constants A and B vary 'som‘e'jv,vhatuasuis'

. observed in the follom.ng “table.

Table I. Law of Wall Constants °

Source o A
Nikuradse . 5.5
Clauser ' ’ 5.6
Coles 5.62
Smith and Walker - 5.0
Patel » §.5
NPL Stéff 4.9

B assumes ‘different values for roughness as summarized in. [58].

3

5.8
4.4
5.0
7.15.
5.45
5.9

Brighton and

* Jones :[59] have carried out careful experiments in annuli with several radius

ratios. They find the values of u* generally lie close to -the distribution of

Nikuradse: [58] for the outer profile, as do thé results of Knudsen and Katz [60].

The imnér profile results for r;/7, = 0.56 agree better with the Clauser constants.

Similarity considerations by Eskinazi and Yeh [11] describe deviations from

the wniversal law for smooth walls due to the radius of curvature of the channel.

For convex walls (inner wall) the velocities are larger than predicted by

equation 22, whereas for concave (outer walls) the velocities are less than pre-

dicted by the straight-wall universal law,

The values of A and B used herein were those of Nikuradse,

Using these

constants, the equation 22 renresents the turbulent core region, i.e., y+ > 30.

-l
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" ‘Making use of ftie fait that . o -
u*/u1 (Cﬁ/Z) 12 ] - o (25) .
where: ) ] ) ’
uk = ﬁw /p ; -axial shear stress. yglogig:&;. ft/sec : (26):

i
ax1a1 velocity at outer -edge of inher axial boundaty

layer, ft/sec. i(In this case,, it is-'also equal to -
the maximm axial velocity.) .

Cfx“% Ty /dp1,? 5 local axial skin-friction coefficient
B at inner wall

Equation 22 can.be rewritten

Wy = ‘(Cfxlz),l/éj [2.5.1n (yrui/v), + 2.5 In (Cfx/z)‘llz +5.5] @27

Thus, this equation gives a curve of w/u; versus y'u,/v for each vilue
of the ‘parameter Cg, (see Fig. 21). As s'ugge\{st‘gg by -Clauser [61], values of
Cg, may now be estimated by plotting the eaq:griin;éntal valucs: of u/u; versus
y-ui/v ad selecting the G value that best fits thé data. Equation 27 vas
plotted on semi-log paper so that curves .of constant Cg, would plot as straight
lines.

The values of u; needed to determinie.C., were deternined from the appro- .
priate axial velocity p‘rqfiles. For the axial velocity profiles, the value of
u; was ‘the sajle as the maximum axial wvelocity.

Pierce E62] has given a good.discussion of a Clauser plot as applied to a
skewed boun"darg layer flow. 51: least four variations of the conventional Clauser
plot are poésil;le for a three-dimensional turbulent flow. He compares experi-
mental results of prossuré driven skewed turbulent boundary layer flows using
calibrated Préston tubes [63], Clauser plots, claw Preston tubes, a direct

force balancé system, and a wall heat meter., Pierce concluded from accumulated
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‘data.that pﬁe-ciauser«charg described above should predict local wall shear
values with.d$ much accuracy as in the two-dimensional case provided a reason-

- able !puiiie‘i"of-jneé”su;jed ‘velocity points are recorded in the wall similarity

region.

The experimentdl data plotted:in.Fig. 22 represents some of the best fits

. and the two worst fits of the § =-45° data to lines of constant Cgyr For each

flow angle,. stations 3, 11, 10, and 28 generally represent the worst to the
best fits, respectively. )
The actual plot used. to.détermine the values of Cex ‘has an énlarged linear

scale-of 10 -squares per inch, with one inch mpésenting an increment of 0.02

~ in u/u,, and an.enlarged log scale with one cycle covering approximately 10

inches. I:ines of constant Cfx were drawn in at increments of 0.0002, A linear
interpolation was used betweeI; these lines to determine th; valucs of the constant
C £ lines that were drawn through the data points. For data points that did

not fail along lines of constant C £ @ Straight line was drawn through the data
points and the wvalue of ijé was evaluated at the point where a line of constant
ysu;/v = 5,000 intersected the line through the data pointsi. The method is

illustrated in Fig, 21 for station 3, ¢ = 45°.

‘Law-of-the-Wall Variables. Once the axial skin-friction coefficients had been

determined, the law-of-the-wall variable for the inner profile, v and y+, could
be calculated. Making usé of equation 25, the values of u+ .and y+ can be easily
calculated from their' definitions,

The logarithmic velocity-distribution equation for turbulent flow is attri-
buted to Prandtl, who used his mixing length theory as a basis. As discussed in
the previous section, the constants used in the imiversal velocity law were those

of Nikuradse, Using his values for the constants, the equation becomes

u" =25y + 5.5 (28)
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Values of. u versus y were then plotted‘ on sem-log paper (see ‘Fig, 22) -and
‘compared with the assumed. relation glvenhby equatzon 28, ‘*'j

Dmensmnal valtes. of the. axial and tangent1a1 wall shear values aré
plotted in Figs. 23 and "24. Inner wall axial shéar values obtained. separately
from a calibrated Preston ‘tube and the Pitot cylinder pfobe,;CIguser chart are in
agreement. Outer wall-tangential shear -ess values aré approximately twice
as great as the inner wall v@lyes;réfle. ig the- Jarge tangential velocity
gradients neer ‘thé. outer wall shown in Fig. 19, The infier wall shear data
exlibit a wavy behavior in the renge x'/lih < 10-which reflect the pressure

distributions plotted in Fig, i6. Axial pressuré distributions are given for

(r ~ 7))/ (x, - ;) = 0 (inner wall), and. 0.2, 0.4, 0.5, 0.8, and 1.0 (outer wall).

For x/l)h > 10, the inner wall pressure: gradient is négative but small., At
og_her' ralial locations, the local pressure gradients arelappsitive.

‘The entrance pressure losses are largest near the outer wall. Here, the
pressure gradient in .the.axial direction:is due, on-one hand, to the effect of
accelerating, wund overaccelerating, the flow ‘(which initially has no axial com-
pcnent) to the velocity it attains at station x. On the other'hand, ultimate
redié;l pressure eauilibrium and the axial decay of angular momentum lead to
complex pressure pattems. _

Local axial shear coefficient profiles for ¢ = 45° are given in Fig. 26 at
five axial stations. These values were obtained by mumerical integration of
equation 9', omittifg the turbulence intensity chenge temm (temm 5). The
radial location. for zero axial shear moves outward from Ar//&'ro = 0.34 at station
7 to Ar/Ar, = 0.61 at station 24. The axial velocity profiles attain their
maximun values (u) at Ar/Ar0 = 0,52 at station 7 and 0.58 at station 24. This
discrepancy will prove to be serious when eddy diffusivities are computed later,
The outer portions of the profile at station 7 indicate a thick constant

shear region.
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Contribution of the individual temis in equation 9, which sun to the
local shear, are given in Fig. 27 for ¢ = 45°, at station 7. Term 1 (circles)
represénts the measured inner wall shear modified by the radius ratio ri/r. Term.
2 (triangles) involves axial derivatives in the integral of the axial velocity.
This secand term is zero at each wall and nearly symmetrical because of axial
velocity near-symmetry. At the outer wall, the integral represents the average
;Jaal velocity which does not change significantly with X, As the flow develops,

“the velocities decrease such that temm.2 is. positive,." Term 3 (inverted triangles)

result from changes in-kinetic energy. These points are all negative and nearly

symetrical about the radial location for maximm axial velocity. The fourth

" tem ‘(squares) represents the net pressure: force term, This term is very small

near the immer radius but grows due to the incréased.éwiyrl near the cuter wall.
The totdl shear, plotted as the x's, is the sum of terms 1 - 4.

‘ Similar comparisons are available in _Fig’p 28. Here the composition of the.
axial shear at A'r/Aro - 0.2.is given at 5 .axial stdtions. This radial location

“
was..selected because the swirl velocities are normally near their maximum values

nearby. This figure does not answer the question of sxactly how the inner well

shear obtains its' value. It is simply a measured value and the integral equation
9! deméqsti'at'esrwhy the shear changes radially. The effect of swirl enters only
indivectly through the pressure and the axial profile modificatitns. At

Ar/drd = 0.2 the acceleration and kinetic energy terms tend to cancel each other

. out while the pressure temm remains small such that the local shear is nearly

equal to the inner wall value.

Comparable local tangential shear curves, resulting from the numerical
integration and differéntiation of equation1l', are given in Figs. 29 and 30
for ¢ = 45°, Near the inlet Tpg © 0 at very small Ar/Aro values (less than 0.1).

At station 24, Tep = 0 at Ar/L\r0 = 0,44, Near the imner wall, Ty is propor-

]

tional to Ar/Aro whereas near the outer wall Trg is constant.
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- Tié magnitides of the individual teims. in equation 11 afe plotted in Fig.

CN

o

4

g . ' -
ot . N - -

<M, - o

fo‘r«?«‘? :45%; station 7, - The circles represent term 1, -the- tj;;:qt,@per wmit length
on- the inner wﬂljrbdiffiqdkby a radius ratio Squared. Tems 2 and"3 are the
change ‘in axial flux.of angular momentun, and the effect of accéleratioi-on the

axial flux-of angular momentum. These temms are of opposite.sign and ténd to

«cancel. Symwetry about the.position of Waximm axidl velocity is weak because

thé swirl vélocity is quite unsymmetric, Iné ,tahgenAti\al shear changes most
7apidly in the radlal direction near *ré zero shear Jocation.

‘The dominant téim is the change in axial, flux-of angular morentum between
the inner wall .and location r. The shear "bulge" locatéd. in the range 0.2 <
At/ <-0.8 appears to be an-effect of the entrance condition which has. disap-
"ear;éd between statjori 15 and: 19, The tangential shear profiles at stations 19
and' 24 are:quite similar in shapé » indicating that the éhtrang:eeffects are
probably finished' and the finalvlprocess of swirl decay is underway.

The' %ar’x’gential sh'eéj near the outer wall is .approximatély twice as great
ds the inner wall shear. This reflects the existence of larger swirl velocities
near ‘the: outer wall snd, presumably, the ihcreased turbulence.

Axial variations of the shear compenent terms are plotted in Fig. 31 for
locat:’.ohAAr/Aro = 0.2, ¢ = 45°., In the initli'al swirl deciay region, x/l)j1 <12,
the local shear is determined almost entirely by  the change in the axial flux of
angular momentum, -As the swirl decays and becomes progressively weaker, a type
of fully developed situation arises where the two integral temms in equation 11'
approximately cancel while both tend to.zero, such that the local shear is

nearly equal to the inner wall shear,

EDDY DIFFUSIVITIES

Axial Diffusivities. Axial eddy diffusivities were computed from the relation

- du
T = PO+ €] 55 : (29)
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- “ A The aJ\lal d.1ffus:.v1t1es dre plotted in Flgs. 32-36 as the ratio of turbulent
to mlecular diffusivities plus wity (erx/v +1) vs the radial statlon Ar/Ar .
The ord:maxe is the Tatio of the total - dlffllSlVlty\tO ‘the molecular diffu-
sivity for 'alr at the same temperature. The axial d1ffus1v1ty data are-lowest
near the walls in all cases.. lefulnuues for Ar/Ar > 0.5 usually exceed
congspondlng values belcw 0.5. For exanple, a Ar/Aro of 0.1 is located the
saine radial distance from thé inmer wall as A/t = 0.9 is.from the outer wall.
Ac statmn 7y tha* data‘} for zero swirl are represented by the cu'cles. One
. point neatl Ar/Ar 0.4 is missing because the shear stress was. opp051te in
sign to the velocity gradient. 'Ihéi cbserved difffusivity ratio exceeds 600
ruar thé“im\e'r wall for § = 60° as compared with a vuive of 120 foy % =0,
A gIeat many” 60° swirl }mmts are missing near the outer wall, The apparently
"wild" .points in the central areas of the flguré are mleleadmg. All of the
'data is systematic. The appamnt scatter is associated with- the onse:;-of zexd
\ shear and zero gradients. The total axial diffusivity ratiog, ‘as comp{xted from
measured shear stress and measured velocity gradient, goes t(la infinity--plus
or minus--in.a vanety of ways. Most of the effects observed 1n the (ange

0.3 < Ar/Ar <,0.7 are due to this effect. : i

‘ 'I'};;e axlalx.velocs.ty 1‘:>rof11es are nearly fully developeé by staFion 24,
Therefore, comparisons may be made with other fully developed diffusivity

= results and predictions. - The experiments of Jonsson [64] are closely appli-
cgble. He woiked with a concentric annulus with a rar)lmus ratio of r;/r, = 0.56

{compared with the present value of 0. 4) His diffusivity data apply at

%

:c/Dh = 132 and an axial Reynolds number of ReDh = 115,000, The agreement is
3

fair although “Jonsson's inner data lie above, and the outer data below, the

\ ,pre\asent zero’ swirl dat; at station 24. !
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Two emperical relations, which compute a constant .diffusivity for solid

body rotation in a-stationary pipe, .are plottéd in Fig. 3. They aré labzlled
Fejer and Lavan [16] ’ '

€ ‘ - 0.3
‘ -~ - 8.32[“—;‘-] = (8.32)(1.3x105)%3 = 285 (30)

and Kriéth and Sonju [371*

> 0.86
X -3

—= = 5.44x10 * |— = (.00544) (1.3x105)°-86 = .
v l \,'] ( )( ) 135.9 a0

Away from the wall boundary layers, most of the present data at station 24 fall

within these values.

Recently,. Wassan, Tien, and'Wilke [65] pointed out that most of the pro-
posed (axial) diffusivity distributions do not satisfy the theoretical criterion
of Townsend, which requires that the turbulent contribution to the Reynolds
stress-- pu'v' is proportional to y" near the wall where n is not less than

three. They propose ‘the relation

e = 416107 - 15.15x107%*

v 1 - 4.16x107*y*® + 15.15x10"Sy*" (32)

which applies for 0 <y* < 20.

* The predictions of Krieth and Sonju are based on data presented in an M.S.
Thesis by Musolf [40]. Mussolf's data is not complete because he did not
measure either the axial or the tangential velocity profiles. His tangential
velocities were calculated from measurements of the local flow direction, the
total mass flow through the pipe, and an assumed axial velocity distribution.
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‘The IgweSt " walbes measured in the present study are found in Fig. 22 to be

20, .Fo_rfé:"}f* .of 20, the above equation yields e_ /v = 10.
For simple mixing length theories in.which t = P22 (3u/ay)?, & = ky

e B
IX _ .
v- ky+ ' (33)

Homally, 'k = G4 aid £ /v = 8 for y* = 20. It is clear from these values that
the-present da,ég?t:were,not taken sufficiently close to either wall to distinguish

any viscous layer-details,

Tangential Diffusivities. The tangential eddy diffusivities were computed

‘using the defining relation

= p0 e I - Y (34)

Again, the results are plotted vs Ar/Ar_ in Figs 37-41 with the ordinate
taking the form of the ratio-of total tangential diffusivity to molecular
diffusivity (e,g/v+1). In general €rg < Erx- The values of € are quite low
near the inner wall--particularly at the large swirl rates. There is a definite
decrease inere with ¢ near the inner wall at station 7 and at most of the
following stations.

The emperical predictions of Fejer and Lavan [16] and Kreith and Sonju [37]
for the decay of solid body rotation in pipes are plotted for reference. They
represent average valucs in several senses. First, they apply to both the axial
and the tangential diffusivities. Secondly, they do not vary with the radius.
The predictions agree best near the outer regions of the annulus where most of
the annular area occurs.

The fully developed curved channel experimental diffusivity results of

Wattendorf also appear in Fig, 41, Near the inner wall, the straight channel
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diffusivities are approximately one-'!nalf ‘the: curved wall values. Near the

.outer wall, the reverse is true. The locatlons of thé zeroes: aw/dt = 0,

[ aw/ar w/r) = and (aw/ar + w/r) =10 closelyo match the present d =30° data.

I
In fact, -the similarity in behav10r in all réspects suggests that the

Wétgex‘xdorf curved channel flow and the présent flow are.of the samé class. \

| As is the case with the axial momentum. transport, the locat:.oni of zerr

wshear do not occur at-the same radial locatz.on. ~Inf1mt1es -in: {€,g aTe appro-

‘ched. This \15 the same type of "apparent\ scatter" ilound in the exial diffusivity

data. In geineral the\ zero tangential shear location.occurs cluser to the immer

. wall than the zero gx;al shear because of the subtraction in the r%te of sttain

term (aw/ar - W/r). The computed diffusivities do increase, reaching-maxinum
values at the edge of the tangential boundary layer adjacent to the outer wall,
Lav\an and FeJer [16] have suggested that in a dlcaymg swirling 'flow in a
,stab.on plpe, th? eddy diffusiyity is a strong (appronmateﬁy, cubic) finction of
the radial coordinate. This tllend is usuallyfollowed by the present data
cutSide of the point of zero shear, Finally, the diffusivity values in the
outer swirl boundary layer decrease as the wall is applroachcd

Turning to the last staci® , Fig. z{l, the different behavior near the two

walls is evident. The tangential diffusivities first increase with Ar/Ar . !

* Outside of this "inner' boundary layer €, decreases apﬁroachmg a valuve of

less than 10. '

As was -anticipated in the earlier sections, axial diffusivities near the
inner wall are considerably lower than corresponding values nea}r the outer wall,)
This is a result anticipated in the Introduction and is due, pI{esm\ably, to the
differ\}ent turbulence characteristics of the two layers. Also, there appears
to be a slig}ft increase in outer wall axial and tangential diffusivities with !
an increase in swirl,

An zlternate fo;m of presenting the dimensionless diffusivities is revealed
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in Figfi 42-51., 7The* ra,ti‘%“o:f tu@dent diffusivity to the. product o. wall
frictioi vélogity times ai. dppropriate: scale lgﬁgth"\iis the inverse.of aReynolds
mumber,;

|

The-flow is divided in‘tb' two -parts by the ~zé;"p«:shear radius. The tio
3
i - ’

corrélation parameters, -are Ty ’
£, ' . € ‘ 1 )
\! X ~ or; IX . - ‘ 3 (35)
B TR € SR ‘uo(r-, S I . C
‘ ch T v 0
H t

where .

" = inner wall \fnctlon velocity = /T .

u‘o* = outT wall friction veloc1ty /— 3’ i

. _p radml location for zero axial shear
, o rx-;.

1; = inner wall radius: “ .

i
T, = outer wall radius i : }

The radial location for zero shear was used rather t':m the more frequently

used radius fo\r maximum velocity :because it is more s‘,ha;ply defined and also
applies to the|tangential cdse where the coflrelations used are :
i - 3
€ ' € '
16 . or T oo (36)
wi*(rT _0 - T T, - T o)
0 3 T8 0

i
The \twa abscisszi.s are the fractional distances from either wall :o the zero
shear location. In effect, the imner scale is stretched disproportionately since
rTre= 0" T is typically C.3 {(r, - rj). In short, the outer profiles are
the more important since ‘they represent the major fraction of the flow, The
3
dashed line in each figure represents the simple mixing length limit,

T = p?(3u/dy)* where & = ky and k = 0.4, Since e /v = 0.4 yt,

(lct/u*Ar)/d(y/Ar) = 0,4. The constant k was determined from fully developed

pipe, channel, and bowndary layer experiments, It is drawn for reference purposes
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only, although it is quite surprising how close the slope of 0.4 matcheés much of
the data--both.axial and tangential--similar to the findings of Liu, et al. [66].
They observed that for a fourfold increase in surface roughness, the Karman
constant’ is wnaltered, and the value em/u*s is 0.09 for the outer half of a
turbulent boundary layer. _

Inspection of the limiting slopés in Figs. 42-46 reveal that for the‘axial

diffusivities the Kamman constant is unaltered by swirl for ¢ = 0° - 45°, Valwes

of € l_x/u*Ar = 0.1 apply in the central core of the amnulus for swirl angles of
$ = 0° and 10°. Larger axial diffusivity values appear whenever the local flow
is more-nearly the free-vortex type (wr = constant). That is, for low swirl

rates, 0° and 10°, the inlet produced a nearly solid body rotation which does

50t alter the axial diffusivities. For ¢ = 30° and 45°, the early x/Dh stations

have a- free vortex character and relatively large outer flow diffusivities. The
$ = 60° profiles behave differently, The free vortex character is suppressed
at the early stations due to strong inlet pressure forces but is observed at
the later stations.

The inner flow tangential diffusivity data depicted in Figs. 47-51 chal-
lenge the concept of mixing length. Expected positive slopes, dere/dr later

becoms negative. Spikes in the e_, curves disappear at larger x/Dh. For the

0
largest swirl rites, the diffusivities approach zero--a result in agreement
with solid b;;dy flows. There is no clearly defined inner, tangential boundary
layer. The velocity in this region is already increasing with a near forced-
vortex character.

Spikes also occur in the outer flow tangential viscosity data. Large

viscosities aré observed for the low swirl angles. For ¢ = 60°, the outer core

flow viscosities agree remarkably well with the universal value of sre/wo*ro=0.028

derived by Kinney from Taylor's free vortex experiments with rotating cylinders
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Lows

(in the- absencé-of axial: “carrier”" flow). Near.the. outer wali, the slopes
decrease sharply-with ifcréased swirl indicating that the Katiian cohstant,
k=04 is sensitive to:swirl, especially-at the-smaller swirl rates.

It appears that large deviations in turbulent diffusivities.occur m
regions:where the.character.of ‘the tangential velocity.profile is changing
from an-essentially free vortex flow t\o an essentially forced vortex type-of
flow. The observed diffusivity values exhibit unexpected peaks temporarily as
the gradient in.angular .momentun decreases from 0 to negative values. This
is not a sharply defined quantity, A possible classification parameter is
'discussed in Appendix'B.

The present method-of detemining turbulent transport coefficients involves
integration.and differeritiation of large amounts of experimental profiles--
a procedure which virtually guarantees a large amount.of scatter. Secondly,
some turbulence intensity terms were omitted in the integral equations because
no equipment was available, In order to-test the validilfy-’ofv these simplified.
equations, a complete static pressure field for all six 6f ;éhe Reynolds stresses,

and:a:complete mean velocity field for all three componentsidre all needed.

b

CONCLUSIONS
On the basis of the experimental results, the following remarks can be

made (for the swirl rates tested):

1) The axial velocity profiles for ¢ = 0° to 45°, at the first station
had the characteristic shape of a fully developed profile because of
the entrance conditions. At ¢ = 60°, the flow is approaching a reversed
flow condition along the immer wall and hence the maximum velocity
point has moved out closer to the outer wall,
2) For ¢ = 10° to 45°, very little change was noted in the axial velocity

profiles with swirl relative to those for straight flow.




3).

4)

5)

6)

7

90

The major characteristic noted in the decay of the tangential velocity
for-¢ = 16° to 45° was the-change from.a free vortex nature in the
inlet to that of a forced vortex nature at ‘the outlet. Also, the
decay did not occur in a smooth, gradual fashion. For ¢ = 60°, the
forced and free vortex nature of the profiles did not change much™ .
with axial distance and the decay did occur in a .smooth, gradual
fashion.

The flow angle for ¢ = 10° to 45° close to the inmer wall exhibits

a "snake-like" nature as one moves downst.cam. This was not noticed
at the outer wall to any extent. At ¢ = 45°, the path followed by the
flow close to the inner wall would be similar to that followed if one
could imagine himself walking along the coils cf a spring that was

in various degrees of tension altemnating with compression along its
length. No 'snake-like' nature was noted in the flow angle with
axial distance at the highest swirl rate tested.

Good to relatively poor agreement was obtained in the inner axisl
velocity profile between the data and the universal velocity distri-
bution., The § = 60° data showed the poorest agreement.

No regular shift in the local axial skin-friction distribution at the
jnner wall is noted with increasing swirl rate for ¢ = 0° to 45°. A
definite decrease in the axial skin-friction seems to occur in the
inlet region for § = 45°, To generalize, no significant change in
axial skin-friction coefficient was found with swirl rates up to

% = 30°, The § = 60° distribution shows a definite decrease in the
axial skin-friction coefficient.

1t appears as though the axial pressure gradient will approach a fully
developed state before the swirl completely decays.
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10)

11)

12)

13)

14)
15)

16)
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Five distinct zones were observed in the tangential velocity profile.
Pitot cylinder and hot film probe velocity profiles are in agreement N
in the central gnmglar core. The pitot cylinder indicates high
velocities near solid boundaries.

stjestop tube and Clauser chart determinations of axial and tangential
shear components agreed within 15 percent for the imer wall shear.
Axial and tangential shear stress profiles were computed from integral-
differential forms of the conservation equations using the measured
velocity profiles in the integrands. Turbulence intensity temms were
not measured and were excluded.

Axial and tangential diffusivities were computed from the appropriate
shear pruvfiles computed from the integral-differential equations and

a Boussinesq hypothesis relating the turbulent Reynolds stress to the
rate of deformation. In general, the location of zero shear stress
did not occur where the rate of deformatior was zero and their ratio,
the diffusivity, approached infinity-both positively and negatively.
Axial diffusivities are weakly influenced by swirl. This is probably
due to the fact that the axial velocity profile is only mildly influ-
enced by swirl,

For axial diffusivities, the Karman constant is 'maltered by swirl.

The tangential diffusivities behave in much the same manner as those
observed in curved channels,

At large swirl rates where the tangential swirl has a free vortex
character, the outer flow diffusivities agree with the universal

value ers/w* oo = 0.028 derived by Kinney from Taylor's free vortex

experiments with rotating cylinders.




17)

18)

92

Large spikes in the tangential viscosities occur in regions where the
character of the tangential velocity profile is changing from essen-
tially free vortex to forced vortex nature.

Kinmey?’s conclusion that states that in plane curved turbulent flows
which' possess universal similarity, we angular velocity is a trams-
ferable quantity in the same sense as linear momentum is a transferable
quantity in rectilinear flows, also applies for nonsimilar profiles

with an axial carrier flow.
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AP?ENDIX A. Comparisons Between Pitot Cylindz: ¥ nbe and Het Film Probe

The hot £ilm probe used was purchased from Therz: Systems, Inc., St. Paul,
Lﬁmiesota. A h( f11m sensor was selected instead . & hot wire sensor because

the f:.lm sensor is more rugged and less susceptibl. o fouling. The model number

of the pmbe was 1270 10 6. The diameter of the . ‘m sensor was 0.001 inches and

b

the sensmg leagth-v.as -0.020 x:mches. The anemom. -y system used was a Thermo-
qystems, Inc. constant texrperature anemometer, ‘xx'<l 1050. The instructions
for operatmg the anemometer are glven in the i-styuction manual for the Model

1050 anemometer.

A Beckman voltage to freque..ny convertei, Model 651, and frequency counter,
Model 6148, were connected to the output of th: anemometer to monitor the voltage
rea’ings.. The instrument was accurate to within 0.3%. This setup provided an
easy to rcad digital output and the capability of averaging the input signal,

in this case the output of the anemometer, over a ten second gate time.

Typical axial and tangential velocity data gathered with the two probes
are presented in Figs. 52 and 53. The hot film flow angles could not be deter-
mined as accurately with the hot film probe as they could be with the pressure
probe (see Figure 53). The resolution obtainable with the hot f£ilm probe was
not as great as that of the pressure probe. The flow angles determined with
the hot film probe are believed to be within #1° at best and #4° at worst. Most
of the flow angles determined with the two probes agree within £2°. The myjor
ity of the flow angles determined with the pressure probe are believed to be .
within 21/2° or better. Very close to the inner wall at high swirl rates,
i.e., at ¢ = 45°, it is believed that the pressure probe gives false, high
readings, In equation 7, it is shown that the radial pressure gradient is dir-

ectly proportional to the square of the tangential velocity divided by the
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As a' result, at high swirl rates the resulting downwash or crossflow along the
probe zad tjne nature of the flow around the probe is probably quite different than
that occuring with weak swirl. Near the immer, wall, the smaller-dirensioned

hot film probe shouid not disturb the flow as severely as the pressure probe or
be affected by the downwash. Because of these reasoms, it is felt that the
pressure probe gives false readings and that the hot film values are closer to

the actual values in this instance.

The total velocity measured with the pressure probe near the inner wall at

$ = 45° was also somewhat higher than that measured with the hot film probe.
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" APPENDIX B. Apbrg:g‘mte Lotus. of Maximum Turbulent Diffusivity

if the flgv.can be written in the’ fornw = o1, then r/u-du/dr = @, wiere
m= +1 for forced-flow and m = -1 for £ree flow; we note that m.=:0 (dw/dr =.0)
is-a useful boundary between the two flows. The location of zero swirl velocity
gradient is not; l'b‘aevgr_, the location where viscogity spikes are cbserved.

In-classifying t]ﬁs charactf;r, neither the Tate of defuemation or the
vorticity gives a sharp change. Consider the followirg table

Mixed Flow Classification

Flow Type Free Vortex Forced Vortex
Velocity w = C,/r>0 C,r>0
Velocity Gradient dw/dr = -C,/r* <0 c,>0

Deformation Rate

D = dw/dr - w/r = -ch/r2 0
Vorticity
F = dw/dr + w/r = 0 2, >0

Product of D°F
DF = (dw/dr - w/r) (dw/dr + w/T)
=[(dw/dr)? - (w/1)?] <0 >0

Inspection of the present turbulent diffusivity data reveals that the local
maximms occur close to the position where the product DF is equal to zero. The
diffusivity data appear to be most accurate outside these two points - closer to

the walls,

e
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